F
anconi anemia (FA) is characterized by bone marrow failure, clonal evolution to myelodysplastic syndrome (MDS) and acute myelogenous leukemia (AML), and epithelial malignancies and is caused by bi-allelic or X-linked inactivation of 1 of 15 different genes, including FANCP/SLX4. 2 Eight of the gene products (FANCA, -B, -C, -E, -F, -G, -L, and -M) form a nuclear "core" complex that must be intact to mono-ubiquitinate FANCD2 and FANCI in response to DNA cross-links (see figure). Ubiquitinated FANCD2 and FANCI then directly facilitate repair of DNA cross-links in conjunction with SLX4 and other "downstream" FA proteins. If any 1 of the 8 core proteins is inactivated, FANCD2 and FANCI are not ubiquitinated and cross-linker-induced chromosomal instability results. The majorityof FA literature has focused on the roles of these proteins in crosslink repair and it has been widely speculated that each aspect of the Fanconi phenotype, including bone marrow failure, MDS, and AML, are direct consequences of DNA crosslinks inflicted by either exogenous or endogenous chemicals. 3 However, the work by Kim et al and other emerging evidence, as discussed below, demonstrates without ambiguity that FA protein function is not limited to interstrand cross-link repair (ICL).
Kim and colleagues ectopically expressed SLX4 deletion mutants in SLX4-null cells to delineate the molecular domains required for interaction with the nucleases XPF, MUS81, and SLX1 and to determine whether their roles in repair of 2 types of DNA damage, damage induced by either DNA cross-linking agents or topoisomerase inhibitors, could be uncoupled. 1 The SLX4-XPF interaction was found to be required for cross-link repair, while the SLX4-MUS81 interaction was required for repair of damage induced by topoisomerase inhibitors and PARP inhibitors. The SLX4-SLX1 mutant resulted in partial resistance to both cross-linking agents and topoisomerase and PARP inhibitors. Expression of the SLX4-MUS81 mutant ameliorated the cross-linker hypersensitivity of SLX4-null patient cells. The genotype may also influence disease severity. For example, patients with deletions of only the UBZ domain that regulates cross-link repair had milder developmental defects than did SLX4 nullizygotes. While hematologic defects appear to be similar in both groups of patients, the numbers are too small to conclusively link mutation to phenotype.
The approach taken by these investigators should be exploited by those seeking to define pathways of bone marrow failure in this disease. There is a growing body of evidence supporting the notion that FA protein multifunctionality is not restricted to just SLX4. In fact, it is not unlikely that the majority of FA proteins participate in noncanonical pathways (see figure) . Analogous to SLX4, other FA proteins possess DNA repair functions independent of core complex function and FANCD2 ubiquitination, including FANCM, 4 FANCD1/BRCA2, 1 and FANCG. 5 FA proteins also protect cells against reactive oxygen species generation. 6 Some of the FA proteins may influence hematopoietic cells in ways that are independent of DNA damage per se. For example, in normal hematopoietic progenitors and stem cells FANCA and FANCC suppress inhibitory responses to inflammatory cytokines and in macrophages suppress responses to toll-like receptor agonists. 7 In addition, recent evidence suggests that FANCL promotes stem cell function by activating ␤-catenin. 8 The work by Kim et al is a blueprint for the hematology community seeking to define the molecular pathogenesis of marrow failure in this disease and other inherited marrow failure syndromes. Because the development of strategies for prevention of marrow failure and clonal evolution in FA patients depends on a complete understanding of all potential functions of FA proteins, the research community must solve the problem of whether DNA damage in the stem cell pool is all that matters or whether there are other tractable targets. Aberrant molecular pathways induced by loss of noncanonical FA protein function may be inherently more druggable, as illustrated by the efficacies of antioxidants 9 and p38 kinase inhibitors 7, 10 in preclinical FA models. Improvement in clinical diagnostics would also result from such research. Note that Kim and colleagues report that the SLX4-MUS81 deletion mutant ameliorates cross-linker hypersensitivity of SLX4-null patient cells. This raises the possibility that there may exist patients with SLX4 mutations that would test negative in conventional FA diagnostic tests. Mutations that abrogate noncanonical functions of SLX4 or other non-FA proteins, but do not confer cross-linker hypersensitivity, may hypothetically account for a subset of aplastic anemia patients who do not respond to immunosuppressive therapy.
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␥c cytokine signaling: graduate school in thymic education
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In this issue of Blood, Rafei et al assess the requirement for ␥c cytokine signaling in postselection thymocytes and uncover distinct but nonredundant effects of several ␥c cytokines during CD8 lineage differentiation in vitro. 1 T cells are generated in the thymus from bone marrow-derived progenitor cells by undergoing a series of selection and differentiation events. During these processes, the majority of developing thymocytes die and only a small fraction of cells survive to become mature T cells. The whole purpose of this exercise is to generate a random repertoire of T-cell receptor (TCR) specificities that are self-specific but not self-reactive. Identifying the few TCR specificities that are considered useful is referred to as positive selection, and positive selection permits survival and further differentiation of such thymocytes to become functionally mature T cells. Importantly, positive selection only permits and does not drive CD4/CD8 lineage choice of postselection thymocytes. 2 Thus, a major quest in immunology has been to identify the cellular signals that control lineage fate of positive selected thymocytes, so that MHC-I-restricted cells always become CD8 ϩ cytolytic T cells while MHC-II-restricted cells always become CD4 ϩ helper T cells. 3 Because thymic selection is focused on identifying useful TCR specificities, classically, thymocyte fate was presumed to be exclusively determined by the TCR. In agreement, TCR or TCR signaling-deficient thymocytes failed to mature, while transgenic expression of prearranged TCRs dramatically increased mature T-cell generation. More importantly, transgenic TCRs also imposed lineage fate on developing thymocytes so that enforced expression of MHC-I-restricted TCRs produced CD8 ϩ T cells with cytolytic functions whereas MHC-II-restricted TCR expression generated CD4 ϩ T cells with helper functions. 4 However, how TCR specificities would coordinate such a 3-way match between MHC restriction, CD4/CD8 coreceptor expression, and acquisition of helper/ cytolytic function remains unsolved. Recent data have now implicated co-receptor gene loci, instead of TCR, as key mechanisms in this process. Specifically, co-receptor gene imprinting posits that the Cd8 gene locus coopts any co-receptor encoded within it to transiently terminate its expression upon positive selection and to impose cytotoxic lineage fate. 5 Accordingly, cessation of the positive selecting TCR signal is a key event in CD8 lineage choice, which is necessary to permit cytokine signaling and to induce expression of the cytotoxic lineage specifying factor Runx3. In fact, Runx3 expression is up-regulated by IL-7 and other ␥c cytokine signaling, so that cytokines, not TCR signals, impose CD8 lineage fate. 6 Collectively, CD4/CD8 lineage choice in postselection thymocytes has been proposed to be dependent on intrathymic ␥c cytokines.
On the other hand, ␥c cytokine-deficient mice do not show dramatic defects in CD4/ CD8 lineage choice, and anti-IL-7 receptor antibody injection experiments failed to impact thymocyte lineage differentiation in
